The influence of the Ce content and the relation among the magnetic properties, corrosion resistance and microstructure of the Sm1-xCex(CobalFe0.14Cu0.07Zr0.05)7.5 magnets are systemically studied. The enhanced magnetic properties (Br = 11.01 kG, Hcj = 15.5 kOe, and (BH)max = 30.1 MGOe) have been obtained with the slight Ce-doped (x = 0.1). The lower values of the corrosion potential Ecorr and corrosion current density icorr for the Ce-doped magnet indicate that electrochemical corrosion rate of the Ce-doped magnet slows down and the corrosion resistance of the magnet is stronger. The microstructure results show that the Ce-doped magnet obtains a more uniform cellular structure with the smaller cell size and the homogeneous cell boundary phase, while the content of the Ce shows no observable difference between the cell and cell boundary.
INTRODUCTION
With the continuous improvement of productivity, people have higher requirements for the application of permanent magnet materials [1] . In recent years, with the rapid development of aerospace technology, it requires that the use temperature of permanent magnet materials is more than 450 ℃ [2] [3] [4] . However, the Curie temperature of NdFeB permanent magnet is only about 300 ℃, and the magnetic property decays rapidly with the increase of temperature, and its operating temperature is basically below 150 ℃. Although AlNiCo permanent magnet material can meet this temperature requirement, while the magnetic properties are very low and cannot meet the use requirements. As the reason of the high Curie temperature, magnetocrystalline anisotropy and saturation magnetization, rare-earth cobalt based intermetallics (SmCo5 and Sm2Co17) have been widely studied since they were discovered in the 1960s [5] [6] [7] [8] [9] [10] . They can be used as sintered and bonded magnets with high temperature stability and high service temperature. The successful examples in this regard are the commercialized 2:17-based Sm(Co, Fe, Cu, Zr)Z magnets.
In 1980s, many researchers studied the Sm2Co17 sintered permanent magnet doped with heavy rare earth elements, such as Gd, Ho, Er, Tb and Dy, although the overall magnetic properties of the Sm2Co17 magnets are relatively low [11] [12] [13] [14] [15] . Meanwhile, the temperature coefficient of Sm2Co17 sintered permanent magnet prepared by replacing Sm with Er is very low. The magnetic properties are as follows: remanence Br = 9.4 kG, Hcj = 413.9 kA/m, and the magnetic energy product (BH)max = 18 MGOe. The research on the preparation of Sm2Co17 sintered permanent magnet by doping heavy rare earth elements mainly focuses on the preparation of Sm2Co17 sintered permanent magnet with low temperature coefficient. There are few reports on the preparation of high performance Sm2Co17 sintered permanent magnet by doping light rare earth elements. The results show that the intrinsic magnetic properties of CeCo are similar to those of SmCo, and more importantly, the reserves of Ce are abundant and the price is much cheaper than that of Sm [19] [20] . Therefore, it is of great significance to replace Sm with Ce in the preparation of SmCo based permanent magnetic materials.
In order to further enhance the magnetic properties of the Sm(CobalFe0.14Cu0.07Zr0.05)7.5 magnets, the Sm1-xCex(CobalFe0.14Cu0.07Zr0.05)7.5 with x = 0, 0.1 and 0.2 were fabricated by a traditional powder metallurgical technology and systemically investigated. Meanwhile, the relation among the magnetic properties, corrosion resistance and microstructure of the Sm1-xCex(CobalFe0.14Cu0.07Zr0.05)7.5 magnets were studied. This will lay a solid theoretical and experimental foundation for optimizing and improving the high temperature service characteristics of SmCo permanent magnet materials, reducing the cost of magnets and developing a new generation of permanent magnet materials with higher service temperature.
EXPERIMENTAL PART
The samples with the nominal compositions of Sm1-xCex(CobalFe0.14Cu0.07Zr0.05)7.5 (x = 0, 0.1 and 0.2) with different Ce content were fabricated by a traditional powder metallurgical technology. The particle size was about 70 μm after coarse and medium crushing，and then the ball milling with high purity gasoline as the medium was used for 12 hours. The powders were oriented and shaped by magnetic field forming press with the magnetic field up to 2 T and the pressure is 300 MPa after cold isostatic pressure. The green compactions were sintered at 1210~1250 ℃ for 2 h and then homogenized at 1180 ℃ for 2h. The isothermal aging temperature was 820 ℃ for 6 h and cooling to 380 ℃ for 6 h with the cooling rate is 1 ℃ / min, then quenched to the room temperature by the water.
The phase structures of the magnets were carried out by the Rigaku D/max 2500 X-ray diffraction (XRD) with a Cu Kα radiation (The wavelength of X-ray is λ = 1.5406 Å, the scanning angle range is 20 ° ~ 80 °, the scanning step length is 0.02 °, and the scanning speed is 1 °/min). The magnetic properties of the SmCo magnets (Φ10*10 mm) were accomplished by the Pulsed Field Magnetometer (PFM) with a maximum applied field of 7.5 T. The microstructure of the final magnets was analyzed by FEI Technai F20 Transmission Electron Microscope (TEM). The polarization curves were measured by the electrochemical workstation (PARSTAT 2273) under 2.5 wt.% NaCl aqueous solution with a scan rate of 1 mV/s. 2) magnets. According to the XRD results, it can be seen that the magnets of the Ce-free and Ce-doped magnets consist of two magnetic phases: the hexagonal 1:5H and the rhombohedral 2:17R magnetic phase. No observable difference was detected in the XRD patterns by Ce substituted. Similar behaviors were also observed in the heavy rare-earth (HRE) Lu substituted Sm-Co-Fe-Cu-Zr magnet [21] . Figure 2 shows the demagnetisation curves for the Sm1-xCex(CobalFe0.14Cu0.07Zr0.05)7.5 (x = 0, 0.1 and 0.2) magnets at room temperature. It can be seen that the Ce content has a great influence on the remanence (Br) and intrinsic coercivity (Hcj). Meanwhile, the demagnetisation curves for the all magnets obtain a good hard-magnetic phase behavior, demonstrating that a good intergrain exchange-coupling in these samples and all the hard magnetic phases are uniformly reversed under the applied field. Table 1 gives the magnetic properties (remanence Br, intrinsic coercivity Hcj, and maximum energy product (BH)max) of Sm1-xCex(CobalFe0.14Cu0.07Zr0.05)7.5 (x = 0, 0.1 and 0.2) magnets. As shown in Table 1 , the corresponding magnetic properties of the Ce-free (x = 0) Sm1-xCex(CobalFe0.14Cu0.07Zr0.05)7.5 is: the remanence Br = 10.92 kG, intrinsic coercivity Hcj = 13.8 kOe, and maximum energy product (BH)max = 28.6 MGOe, while the magnetic properties has been enhanced (Br = 11.01 kG, Hcj = 15. Figure 3 shows the potentiodynamic polarization curves in 2.5 wt.% NaCl aqueous solutions for the Sm1-xCex(CobalFe0.14Cu0.07Zr0.05)7.5 (x = 0, 0.1 and 0.2) magnets. The results show that the Ce-free (x = 0) and the Ce-doped (x = 0.1, x = 0.2) magnets exhibit typical hydrogen evolution polarization in the cathode region [22] . Meanwhile, the corrosion potential Ecorr and corrosion current density icorr for the Sm1-xCex(CobalFe0.14Cu0.07Zr0.05)7.5 (x = 0, 0.1 and 0.2) magnets are calculated by the Tafel extrapolation method [23, 24] and showed in Table 1 . It can be seen that the corrosion potential Ecorr of the Ce-doped (x = 0.1) magnet is the highest, its corrosion potential Ecorr = -0.681 V, while the Ce-free (x = 0) and the higher Ce-doped content magnet are lower, their corrosion potential are Ecorr = -0.802 V and Ecorr = -0.768 V, respectively. Furthermore, compared the Ce-free magnet, the corrosion current density icorr of the Ce-doped (x = 0.1) magnet is also decreased from 31.23 µA/cm 2 to 17.24µA/cm 2 . The lower values of the corrosion potential Ecorr and corrosion current density icorr for the Ce-doped magnet indicate that electrochemical corrosion rate of the Ce-doped magnet slows down and the corrosion resistance of the magnet is stronger. The above results show that the Ce-doped magnet obtains the enhanced magnetic properties and the improved of the corrosion resistance. In order to investigate the relation among the magnetic properties, corrosion resistance and microstructure of the Sm1-xCex(CobalFe0.14Cu0.07Zr0.05)7.5 magnets, we selected magnets with Ce content at x = 0 and 0.1 for detailed microstructural analysis. Figure 4 presents the TEM images of the Sm1-xCex(CobalFe0.14Cu0.07Zr0.05)7.5 (x = 0 and 0.1) magnets along the [001]2:17R zone axis. It can be seen that the Ce-free and Ce-doped magnets have relatively complete cellular structure, and there is very thin cell wall structure around the cellular structure with a wall thickness of 5 ~ 10 nm. According to the Hadjipanayis results [25] that the cell size of the cellular structure is directly related to the magnetic properties of the magnet, and the large cell size and thick cell wall size are beneficial to the enhanced magnetic properties of the magnet. Meanwhile, according to the TEM results, it can be seen that the Ce-doped magnet obtains a more uniform cellular structure with the smaller cell size and the homogeneous cell boundary phase, which may lead to the higher coercivity and higher maximum energy product for the Ce-doped (x = 0.1 ) magnet. Additionally, the uniform cellular structure with the smaller cell size for the Ce-doped magnet can be seen more clearly from the distribution histograms of grain size corresponding to the TEM images. Figure 5 shows the distribution histograms of grain size for the Sm1-xCex(CobalFe0.14Cu0.07Zr0.05)7.5 (x = 0 and 0.1) magnets. Meanwhile, by comparing the distribution histograms of grain size for the Ce-free (x = 0) and Ce-doped (x = 0.1) magnets, it can be seen that the average cell size is 115 nm and 100 nm for the Ce-free and Ce-doped samples, respectively. It indicates that the Ce-doped magnet (x = 0.1) obtains a smaller grain size and more homogeneous distribution of grain size. Fig. 4 (b) .
RESULTS AND DISCUSSION
The above results show that the Ce-doped magnet obtains the enhanced magnetic properties and the improved of the corrosion resistance. In order to further understand the mechanism of Ce-doped enhance the magnetic properties and the corrosion resistance, we have carried out the Sm and Ce element distribution across cell boundaries for Ce-doped magnet (as shown in Fig. 4 (b) , the white line show the general range of cell wall). It can be seen from the Fig. 6 that the content of Sm is increased obviously in the cell wall when the line scan passed through the cell wall, while the content of the Ce shows no observable difference between the cell and cell boundary. It indicates that the homogeneously distribute of the Ce element in the cellular structure tends to result in the high performance of the magnetic properties.
The present results show that the Sm1-xCex(CobalFe0.14Cu0.07Zr0.05)7.5 with proper Ce content can enhance the magnetic properties by due to the uniform cellular structure with the smaller cell size and the homogeneous cell boundary phase. In addition, the lower values of the corrosion potential Ecorr and corrosion current density icorr for the Ce-doped magnet indicate that electrochemical corrosion rate of the Ce-doped magnet slows down and the corrosion resistance of the magnet is stronger.
CONCLUSION
The effect of Ce addition on the magnetic properties, corrosion resistance and microstructure of the Sm1-xCex(CobalFe0.14Cu0.07Zr0.05)7.5 magnets are systemically studied. The enhanced magnetic properties (Br = 11.01 kG, Hcj = 15.5 kOe, and (BH)max = 30.1 MGOe) have been obtained with the slight Ce-doped (x = 0.1). Meanwhile, the Sm1-xCex(CobalFe0.14Cu0.07Zr0.05)7.5 with proper Ce content can enhance the magnetic properties by due to the uniform cellular structure with the smaller cell size and the homogeneous cell boundary phase. In addition, the lower values of the corrosion potential Ecorr and corrosion current density icorr for the Ce-doped magnet indicate that electrochemical corrosion rate of the Ce-doped magnet slows down and the corrosion resistance of the magnet is stronger.
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